Are the large cells derived from cultured DEAD box polypeptide 4 (DDX4)-positive oogonial stem cells (OSCs), isolated from the ovarian cortex of non-menopausal and menopausal women, oocyte-like cells?
Introduction
The presence of oogonial stem cells (OSCs) in postnatal mammalian ovaries is controversial, as it has long been held that the ovaries contain a fixed number germ cells that remains unchanged during a woman's lifetime (Zuckerman, 1951) . However, recent studies have provided evidence of mitotically active OSCs in adult murine and human ovaries (Johnson et al., 2004; Zou et al., 2009; Parte et al., 2011; White et al., 2012) . Based on their ability of self-renewal in vitro, clonal expansion and differentiation to oocyte-like cells either spontaneously or under appropriate culture conditions, these OSCs may be a potentially inexhaustible source of oocytes that can be exploited to achieve fertility in women who are infertile or have an exhausted ovarian reserve, as long as the genetic integrity of the OSCs is maintained (Virant-Klun et al., 2008; Woods and Tilly, 2012; Dunlop et al., 2013; Gheorghisan-Galateanu et al., 2014) .
Studies in humans have shown that ovarian epithelial cells from menopausal women can differentiate to mature oocytes. They also demonstrated in vitro blastocyst development, suggesting that OSCs occurring within the ovarian cortex can competently generate oocytelike cells even in women with ovarian failure (Virant-Klun et al., 2009; Stimpfel et al., 2013) . Other researchers reported the detection in peri-menopausal women of two OSC populations, one made up of very small cells and the other of slightly larger cells, that differentiate to express octamer-binding transcription factor (OCT)-4A and OCT-4B in the nucleus and cytoplasm, respectively (Stimpfel et al., 2013) . These putative OSCs also express the germline cell markers C-KIT, deleted in azoospermia-like (DAZL), and growth differentiation factor (GDF)-9. In vitro, these cells give rise to oocyte-like cells (Stimpfel et al., 2013; Lee et al., 2016) , and in animal models to mature oocytes (Niikura et al., 2009; . However, these findings have been critically considered owing to questions regarding the techniques used in OSC recovery, isolation, characterization, and differentiation (Oatley and Hunt, 2012; Evron and Blumenfeld, 2013; Hernandez et al., 2015; Zhang et al., 2015; Zarate-Garcia et al., 2016) .
Initial procedures to separate OSCs from the ovarian epithelium included mechanical scraping and enzymatic digestion of ovarian cortex samples (Virant-Klun et al., 2009) followed by density gradient centrifugation. These OSCs could be induced to differentiate in vitro, forming oocyte-like cells that, based on their lack of synaptonemal complex protein (SYCP)3, were typed as adult OSCs expressing embryonic stem cell markers (Stimpfel et al., 2013; Lee et al., 2016) . Other studies used immuno-magnetic and fluorescent cell sorting (FACS) to detect the germline markers DEAD box polypeptide 4 (DDX4), FRAGILIS, and STELLA as well as stemness molecules, including OCT-4A and stage-specific embryonic antigen (SSEA)-4.
Although DDX4 is a germline marker, several authors criticized the choice to isolate OSCs by positive selection of cells expressing DDX4 since this protein is mostly cytoplasmic (Zhang et al., 2012 (Zhang et al., , 2015 Hernandez et al., 2015; Zarate-Garcia et al., 2016) . Tilly and coworkers developed a FACS-based protocol that detects a cell-surface component of DDX4, by targeting its COOH terminus (White et al., 2012; Tilly, 2013, 2015) . The cells obtained by this procedure differentiate in vitro to mature oocytes, with progressive enlargement up to 30-50 μm in diameter, and express the terminal markers GDF-9, zona pellucida (ZP) glycoproteins, newborn ovary homeobox (NOBOX), and meiosis markers Y-box protein 2 (YBX2), SYCP3 in addition to undergoing molecular cell modifications toward the haploid karyotype. Despite the controversy concerning DDX4 as a cytoplasmic and/or membrane antigen expressed by maturing OSCs, DDX4-positive cells derived from peri-menopausal women were shown to differentiate in vitro and to form large cells resembling mature oocytes.
Preliminary work from our group using DDX4 in the immunomagnetic selection of cells from ovarian cortex cell suspensions showed that the protein is expressed in the cytoplasm and less abundantly on the cell membrane of OSCs cultured for 3 weeks. This observation suggests that DDX4 is progressively expressed over the course of oocyte maturation and that, using reagents binding its extracellular domain, small stem cells expressing a membrane germline marker, namely OSCs, can be isolated (Silvestris et al., 2015) .
Here, we provide further evidence that OSCs are obtainable from menopausal women, a finding demonstrating the presence of stem-like cells with ovarian germline properties within the otherwise exhausted oocyte reserve of menopausal human ovaries. Using immunomagnetic enrichment based on membrane DDX4 expression followed by single-cell sorting under a dielectric field, large culture-derived oocyte-like cells expressing markers of mature and haploid oocytes were obtained from fertile as well as menopausal women.
Materials and Methods

Patients and samples
Ovarian cortex biopsies were collected from 19 menopausal women with a mean age of 56 (range: 41-73) years and 13 non-menopausal women with a mean age of 45 (36-48) years who underwent hysterectomy for uterine fibroma, ovarian cyst, or other benign pathologies.
Ethical approval
The study was performed after written informed consent was obtained from patients to use ovarian samples for research purposes and following approval from the Ethical Committee of the University of Bari.
OSC isolation and purification
Ovarian cortex fragments were digested with a solution containing 1 mg/ ml collagenase, 100 μg/ml DNAse I (Sigma-Aldrich, Milan Italy), and 0.05% trypsin (Sigma-Aldrich). The cell pellets were suspended in running buffer (Miltenyi Biotech, Bergisch Gladbach, Germany) and then separated using immuno-magnetic beads and rabbit anti-human DDX4 antibody (Ab13840, Abcam, Cambridge, UK). Briefly, the cells were incubated first with anti-DDX4 followed by anti-rabbit FITC-conjugated antibody (SigmaAldrich) to evaluate by flow cytometry the enrichment of the DDX4-positive population. Finally, the cell samples were incubated with anti-FITC microbeads and separated on an automated magnetic-activated cell sorting system (autoMACS Pro, Miltenyi Biotech, Bergisch Gladbach, Germany).
Both DDX4-positive and DDX4-negative cell populations obtained by the immuno-magnetic selection were analyzed for SSEA-4 and FRAGILIS using mouse anti-human SSEA-4 and rabbit anti-human FRAGILIS (Abcam) antibodies. Incubation with the antibodies was followed by staining with phycoerithrin-conjugated anti-mouse and anti-rabbit antibodies (SigmaAldrich) respectively, and analyzed by FACScanto (Becton Dickinson, Franklin Lakes, NJ, USA).
In vitro differentiation of OSCs DDX4-positive suspensions were cultured for 21 days in 24-well plates with minimum essential medium alpha (MEM; Gibco, Waltham, MA, USA) containing 10% fetal bovine serum, 1% pen/strep-glutamine (Gibco), 1 mM sodium pyruvate (Invitrogen, Carlsbad, CA, USA), 1 mM nonessential amino-acids (Gibco), 0.1 mM β-mercaptoethanol (Invitrogen), 1 × N2-supplement (Gibco), 10 ng/ml epidermal growth factor (Invitrogen), 1 ng/ml basic fibroblast growth factor (Invitrogen) and 40 ng/ml glialderived neurotrophic factor (R&D Systems, Minneapolis, MN, USA), as reported . The OSCs were cultivated with the support of a feeder layer of mitotically inactivated mouse embryonic fibroblasts (MEF) (GlobalStem, Rockville, MD, USA). Maturation of the cultured cells was evaluated by periodic inspection of their morphology and size. In single instances, when granulosa-derived fibroblasts were obtained from the ovarian fragments, the feeder layer was enriched with autologous fibroblasts, but there was no evident difference in cell growth using these cells versus MEF.
Isolation of single cells by DEPArray technology
After 21 days of culture, non-adherent cells were recovered and stained for membrane lipids with PKH26 red reagent (Sigma-Aldrich) (Wallace et al., 2008) . Viable cells were sorted on a DEPArray system (Silicon Biosystems, Castel Maggiore, BO, Italy). Briefly, each cell suspension was loaded into a DEPArray cartridge, which was then injected into a microchamber in which individual cells were exposed to an electric field that trapped them in specific cages. Image frames for PKH26 red and brightfield microscopy were captured, and the cells were selected based on their red fluorescence. Both round, large and smaller fluorescent cells were thus visualized, selected according to their size (< or >30 μm), and moved to a parking area in the cartridge. Single cells or clumps of 2, 4 or 8 cells from each sample were separately recovered.
Gene expression by droplet digital PCR
Total RNA was isolated from the large and small cells using the SingleShot cell lysis kit and reverse-transcribed using the iScript Advanced cDNA synthesis kit (Bio-Rad Laboratories, Inc, Hercules, CA, USA). Quantitative PCR was performed using multiplex TaqMan assays in a droplet digital PCR (ddPCR) system (QX200; Bio-Rad Laboratories). GDF-9-FAM (qHsaCEP0053480), SYCP3-FAM, and SYCP3-HEX (qHsaCEP0052172) probes were used to analyze the mRNA of genes encoding proteins related to oocyte maturation; the developmental pluripotency-associated protein 3 (DPPA3)-FAM probe (dHsaCPE5031894) was used to identify DPPA3 as a primordial germ cell marker. GAPDH (qHsaCEP0041396) served as the housekeeping gene. The droplets, generated by an eightchannel droplet generator cartridge, were transferred into a 96-well PCR plate and subjected to a two-step thermocycling protocol in a Bio-Rad T100 thermal cycler. Finally, the droplet fluorescence of each well in the PCR plate was measured in a QX200 droplet reader (Bio-Rad Laboratories). The assay results were analyzed using QuantaSoft analysis software (Bio-Rad Laboratories).
FISH
The chromosome diploid (2N) or haploid (1N) content, and thus the meiotic state of the small and large cells recovered by DEPArray was explored by FISH. The genome ploidy controls were the bacterial artificial chromosome clones (UCSC, https://genome-euro.ucsc.edu) RP11-695F21 (Xq26.1, chrX:129 069 636-129 266 452) and RP11-699D5 (5q32, chr5:148 691 900-148 899 365). The cells were centrifuged at 200 x g on glass slides, fixed and incubated with 0.005% pepsin/0.01 M HCl, and dehydrated in an ethanol gradient. They were then hybridized by nick translation (Lichter et al., 1990 ) using 500-ng of Cy3-and Cy5-labeled probes (New England Nuclear, Boston, MA, USA). Finally, the cells were stained with 4',6-diamidino-2-phenylindole (DAPI) and analyzed using a DMRXA Leica UV microscope equipped with a CCD camera (Princeton Instruments, Boston, MA, USA). Cy3 (red), Cy5 (green), and DAPI (blue) fluorescence signals were recorded separately as grayscale images. Pseudocoloring and merging of the images were performed with Adobe Photoshop software (Adobe, San Josè, CA, USA).
Statistical analyses
Statistical analyses were carried out using Student's t-test. A P-value <0.05 was considered to indicated statistical significance. The correlation between DDX4-positive cells and patient age was assessed using a Spearman's test (MedCalc, MedCalc Software, Ostend, Belgium).
Results
Purification and characterization of OSCs from ovarian cortex biopsies
The ovarian cortex samples were processed as described , and OSC populations enriched by immuno-magnetic separation using an anti-DDX4 C-terminal antibody. The cells were then characterized based on their expression of oogonial markers, including SSEA-4 and FRAGILIS. The number of viable DDX4-positive cells differed between non-menopausal and menopausal women but also, albeit to a lesser extent, within each group. To examine the differences between non-menopausal and menopausal women, several parameters were evaluated, including size of the ovarian cortex fragments, number of DDX4-positive cells recruited by autoMACS, and the percentages of SSEA-4-and FRAGILIS-positive subsets. The percentages of DDX4-positive cells within the full cell populations obtained from the individual patients (White et al., 2012) are presented in Supplementary Table SI, and a comparison of the respective mean values in Table I .
The mean sizes of the ovarian cortex samples from non-menopausal and menopausal women were similar (P = 0.13), whereas the total number of DDX4-positive cells and the ratios of the cell number versus fragment size were significantly higher in the non-menopausal group (P < 0.05 in all instances).
This analysis suggested that ovarian cortex from non-menopausal women contains higher amounts of DDX4-positive cells as compared to menopausal women, and that early ontogenetic markers are prevalent in non-menopausal women, with mean values of FRAGILIS-and SSEA-4-positive cells up to 65%. On the other hand, although at lower levels, menopausal women still maintain a considerable reserve of these cells, with a mean level <48% for both FRAGILIS-and SSEA-4-positive cell subsets. A comparison between age and the ratio of DDX4-positive cells/cm 3 of ovarian cortex, as an indicator of OSC reserve, showed a significant inverse correlation ( Supplementary  Fig. S1 ) (P < 0.05). Figure 1 representatively depicts FRAGILIS and SSEA-4 protein expression in the DDX4-positive and DDX4-negative OSCs from a non-menopausal woman (#10). The FRAGILIS and SSEA-4 markers were expressed by 81.4% and 86%, respectively, of the DDX4-positive cells but by <5% (both markers) of the DDX4-negative cells. Similar patterns of antigen expression were obtained in the menopausal group (Supplementary Table SI) . These results demonstrated that DDX4-positive cell populations from non-menopausal and menopausal women are enriched in cells expressing ontogenetic markers of immature oogonial cells.
DDX4-positive cells differentiate to oocytelike cells in culture
DDX4-positive and DDX4-negative cells were cultured separately. On Day 1, the DDX4-positive cells were mostly uniform, small, round cells with a diameter of~4 μm ( Fig. 2A) whereas the DDX4-negative fractions were characterized by cells of variable size and differing morphologies including fibroblasts.
The DDX4-positive cells in culture became progressively larger over time. By 1 week of culture, some had a diameter of~20 μm, including several that were apparently strictly adjacent to fibroblasts (Fig. 2B) . On Day 21 of culture, larger cells, typical of oocyte-like structures, were observed; they had a diameter up to~80-90 μm, prominent nuclei, and a peri-nuclear accumulation of organelles (Fig. 2C) . These enlarged cells were presumed to be mature OSCs because their size was similar to that of oocytes, whereas the small cells were presumably immature OSCs, having maintained their original size despite minimal contamination by the DDX4-negative population. These assumptions were tested by evaluating DPPA3 gene expression by ddPCR. Based on previous studies defining mature oocytes as cells of 35-90 μm diameter (Virant-Klun et al., 2008; White et al., 2012; Parte et al., 2014) , the number of these cells in cultures from both groups of women were counted. Table II shows the mean values/well of the large, mature oocyte-like cells detected in single cultures. Cultures from non-menopausal women contained a higher number of these cells although the percentages of mature oocytes with respect to the original DDX4-positive cell population did not differ significantly between the two groups (P = 0.22).
The large, mature oocyte-like cells grew in the absence of other ovarian components, such as the zona pellucida or follicle-like structures, that were not detected in cultures. Thus, these cells were subjected to further molecular analysis.
Isolation of OSCs of different sizes by DEPArray
Cells from the 21-day-old cultures were stained with fluorescent PKH26 and sorted according to fluorescence and size using the DEPArray system (Abonnenc et al., 2013) . cells with a diameter much less than 60 μm (left) and a single, larger cell (right) with a diameter of 80-90 μm, considered to represent two distinct populations of cultured DDX4-positive cells. The identification of these small and large cells after 3 weeks of culture suggested that the latter had undergone in vitro differentiation to oocyte-like cells.
The expression of oogonial differentiation markers is inversely related to cell size
The large and small cells of the 3-week-old cultures were analyzed for their expression of GDF-9 and SYCP3, markers of advanced-stage oocyte differentiation, and DPPA3, a primordial germline marker (Parte et al., 2014) . The two-dimensional dot plots in Fig. 4A show the fluorescence-based detection of individual droplets. Orange and purple dots represent droplets positive for GAPDH and GDF-9, respectively, blue dots positivity for SYCP3, and black dots are negative, DNAfree droplets. In addition, DPPA3 expression in each cell subset (blue dots) was analyzed in a duplex TaqMan assay. GDF-9 and SYCP3 RNAs were detected only in the large oocyte-like cells of non-menopausal and menopausal women whereas droplets of neither marker were present in the small or immature cells from the two groups of women. Figure 4B shows the number of mRNA transcript copies of each gene/ μl RNA. For example, in the mature oocyte-like cells of sample #9 (non-menopausal), there were 2 and 1.2 copies/μl of GDF-9 and SYCP3, respectively, compared to 2.6 and 1.5 copies/μl in sample #19 (menopausal). By contrast, in the small immature cells from these samples, only DPPA3 was detected, with 5.1 copies/μl in non-menopausal and 5.0 copies/μl in menopausal samples. No signal for this gene was detected in the mature oocyte-like cells. These results suggested that OSCs from non-menopausal and menopausal women similarly differentiated in vitro to large, mature oocyte-like cells expressing variable levels of terminal oocyte differentiation genes. By contrast, small immature cells maintained their undifferentiated state, as evidenced by DPPA3 expression.
Oocyte-like cells maturing from OSCs initiate meiosis
To verify the full maturation of the OSCs to oocyte-like cells, we performed FISH to investigate their haploid chromosomal content, using probes for chromosome X (green) and, as the control, chromosome 5 (red). The results obtained with the eight samples from the nonmenopausal group and the 10 samples from the menopausal group are reported in Supplementary Table II. In the representative image of mature oocyte-like cells from a menopausal woman (#11) shown in Fig. 5 (left) , the presence of a single signal for both chromosomes confirmed the occurrence of haploidy; this was the case for the majority of oocyte-like cell preparations. Conversely, in the small immature cells, two distinct signals for each chromosome evidenced their diploid state (Fig. 5, right) . These findings indicated the ability of the large cells isolated by DEPArray and maintained in vitro to acquire oocyte-like characteristics and undergo meiosis.
Discussion
The present study, an extension of our previous observation (Silvestris et al., 2015) of the occurrence of OSCs in the ovaries of adult women, demonstrated that OSCs can be collected from fresh ovarian cortical fragments by anti-DDX4 antibody cell sorting. In particular, using DEPArray technology, single immature OSCs and mature oocyte-like cells could be isolated. With increasing knowledge of ovarian physiology, the detection of OSCs in postnatal mammalian ovaries, and the putative role of these cells in female fertility, the long-accepted paradigm of a fixed number of germ cells constituting the ovarian reserve during life is being challenged. Studies by Tilly's group (White et al., 2012; Imudia et al., 2013; demonstrated the existence of OSCs and suggested their potential utilization to replace the decreased or exhausted ovarian reserve associated with aging, and, especially, to treat infertility in young women with multifactorial ovarian failure . Subsequent work by other investigators provided further evidence of OSCs in pre-and post-menopausal women, while in murine models these cells were shown to be fertilizable and capable of generating embryos (Stimpfel et al., 2013; Parte et al., 2014; Hernandez et al., 2015) . OSCs have been isolated and cultured using different methods and protocols. Woods and Tilly (2013) used a FACS-based method to detect a cell-surface variant of DDX4 and obtain a homogeneous cell population free of both contaminating oocytes and cells of nongermline lineage. An alternative method consisted of scraping the ovarian epithelium to separate OSCs from oocytes and follicles (Virant-Klun et al., 2008; Parte et al., 2014) . Once recovered, the OSCs were enriched by gradient centrifugation and then cultured, which resulted in the formation of cells within structures similar to embryonic bodies and whose gene expression profile was that of mature oocytes, including positivity for OCT-4A, OCT-4B, C-KIT, VASA and ZP2 markers (Virant-Klun et al., 2008) . Using autoMACS, these cells could be isolated based on the binding of the SSEA-4 surface antigen. Moreover, the number of OSCs obtained was sufficient to allow their further characterization (Parte et al., 2014) . However, these methodologies and the markers used in cell separation raised several issues concerning the heterogeneity of the obtained OSC populations, their unequal sizes, and differences in their maturation (Evron and Blumenfeld, 2013; Albertini and Gleicher, 2015; Grieve et al., 2015) .
We first enriched the DDX4-positive population by autoMACS separation and then verified the cellular expression of the primordial germline markers SSEA-4 and FRAGILIS. Based on the high-level Figure 4 Differential expression of oogenesis-related genes in large mature and small immature cells. Growth differentiation factor (GDF-9) and synaptonemal complex protein (SYCP3), expressed during terminal oogonial differentiation, and developmental pluripotency-associated protein 3 (DPPA3), a primordial germline marker, were investigated by droplet digital PCR in cultured cells individually isolated by DEPArray from cultures of OSCs obtained from non-menopausal and menopausal women. GDF-9 and SYCP3 mRNAs were expressed exclusively by large (left) oocyte-like cells from non-menopausal and menopausal samples; DPPA3 mRNA was expressed only by small (right) immature cells. (A) Representative twodimensional dot plots (non-menopausal #6; and menopausal #11) showing fluorescent individual droplets as orange and purple points, indicative of GAPDH-and GDF-9-positive droplets, respectively. Blue points are droplets positive for SYCP3, and black points, included in rectangles defined by FAM and HEX reference levels, are negative droplets. A duplex TaqMan assay was used to analyze DPPA3 expression in each cell subset (blue dots). (B) Quantitative assessment (copies/μl) of gene expression in large oocyte-like cells (left) and small immature cells (right) (QuantaSoft Software). In large oocyte-like cells from the non-menopausal and menopausal samples, 2 and 2.6 copies/μl of GDF-9 and 1.2 and 1.5 copies/μl of SYCP3, respectively, were detected. By contrast, neither GDF-9 nor SYCP3 was expressed in the small immature cells from non-menopausal women and menopausal samples, whereas 5.1 and 5.0 copies/μl of the DPPA3 gene were detected in samples from the two groups. Expression was undetectable in the large oocyte-like cells.
expression of both, these putative OSCs seemed to be in the earliest stage of differentiation along the oogonial lineage. In fertile women, 65% of the OSC populations was SSEA-4-and FRAGILIS-positive but, interestingly, in menopausal women the percentage was as high as 45%. This finding is in agreement with studies from other groups Parte et al., 2014) and suggests that the ovarian reserve in menopausal women may include cells belonging to the oogonial germline but, due to the inactivity of the ovulatory cycle, are probably unable to differentiate.
In DDX4-positive cells cultured for 3 weeks, large oocyte-like cells up to 80-90 μm diameter were observed. Other authors have reported that primary OSCs from the ovarian cortex differentiate in culture to advanced stages of maturation Parte et al., 2014) . In the present work, we selectively purified small and large cells and then subjected them to a specific dielectric field that allowed the isolation of single cells. We subsequently showed that the larger, mature cells expressed high levels of GDF-9 and SYCP3 mRNAs, indicative of oocyte terminal differentiation. The expression of these mRNAs was not detected in the small immature cells isolated from non-menopausal and menopausal women; rather these cells expressed the primordial germ cell marker DPPA3. Nonetheless, the greater OSC reserve of non-menopausal women was demonstrated by the detection within the DDX4-enriched OSCs of a significantly larger number of FRAGILIS-and SSEA-4-positive cells than in menopausal women, and by the higher number of large oocyte-like cells that matured in the 3-week cultures.
DEPArray technology enables the selection and purification of single cells based on their fluorescence and size (Abonnenc et al., 2013) . We were thus able to separate OSCs purified by immuno-magnetic separation into populations of small or large cells and to follow their unequal differentiation to oocyte-like cells. Why some cultured OSCs remain small, immature but viable cells while others undergo progressive enlargement and differentiate to form oocyte-like cells is presently unclear. However, the detection of a higher percentage of SSEA-4-and FRAGILIS-positive cells in non-menopausal versus menopausal women suggests that the difference is related to the occurrence of primordial cells of oogonial ontogenetic derivation. Yet, the involvement of other factors, including the activity of as-yet-undefined genes that contribute to primary germline cell survival and differentiation, cannot be excluded.
Mature oocytes are haploid cells, therefore we investigated the ploidy of the purified large, oocyte-like cells by FISH. The single signals obtained for chromosomes X and 5 indicated that these cells were haploid. However, the haploidy of large oocyte-like cells derived from OSCs has been disputed (Oatley and Hunt, 2012) , as these cells have also been shown to spontaneously express meiosis markers (Zou et al., 2009; Tedesco et al., 2011; Ghazal, 2013) . FISH data in combination with the demonstrated cytoplasmic localization of SYCP3, a meiosis-related protein, and GDF-9, as a post-meiotic marker, may reflect the meiotic state of cultured OSCs (Parte et al., 2014) . In the single large oocyte-like cells obtained in this study, FISH-determined haploidy correlated with the presence of both GDF-9 and SYCP3 mRNAs, suggesting the meiotic state of these cells. Although the DNA content and other 'gold standards' of meiosis were not evaluated in this study, our results suggest that the cells were in the secondary gametocyte stage that follows the first meiotic division, when nuclei are 2 C/1 N, and thus formally haploid (Handel et al., 2014) . In addition, despite the absence of evidence of an entirely concluded meiosis by the oocyte-like cells, our observations are consistent with their mature, pre-meiotic state. This would imply that small DDX4-positive cells are able to initiate an in vitro developmental program of oogenesis and are thus suitable for investigations of the molecular alterations driving oocyte reserve exhaustion in infertile women. Moreover, it has been reported that, in the absence of sperm penetration, oocytes can spontaneously maintain a chromosomal haploid content allowing meiotic divisions in vitro .
Mature oocytes derived in vitro from the OSCs of menopausal women have been demonstrated in previous studies (Stimpfel et al., 2013) . We identified a larger relative fraction of OSCs in fertile than in menopausal women, and the greater tendency of those cells to develop in vitro into large oocyte-like cells. This difference may be related to the stem cell niche, as this microenvironment is thought to stimulate the differentiation of OSCs to oocytes. In menopausal women, the stem cell niche may be defective such that fewer OSCs are supported (Niikura et al., 2009; Massasa et al., 2010; Joo et al., 2014) . Nonetheless, we observed that, although at lower frequency, oocyte-like cells could also be obtained in vitro from the OSCs of menopausal women and they expressed the same oocyte terminal differentiation genes, namely GDF-9 and SYCP3, as cells from premenopausal women. This observation may reflect differences in the activation state within ovarian somatic niches in vivo and/or a diverse capability to exit biological dormancy in response to the soluble factors present in culture medium, such as N2-supplement, epidermal growth factor, and fibroblast growth factor .
In conclusion, our work provides further evidence of the occurrence of OSCs in the ovarian cortex of non-menopausal and menopausal women, and the ability of these cells to differentiate to form mature oocyte-like cells in vitro. Using single cells isolated on the basis of their size, we were able to demonstrate that, in culture, the larger cells expressed markers indicating their final differentiation and underwent meiosis. Thus, oocyte-like cells can be generated in vitro even from the OSCs of menopausal women. These insights into ovarian neooogenesis may contribute to the development of a more effective approach to treat infertility in women.
Supplementary data
Supplementary data are available at Human Reproduction online.
